We experimentally demonstrate the generation of highly coherent Type-II micro-combs based on a microresonator nested in a fiber cavity loop, known as the filter-driven four wave mixing (FD-FWM) laser scheme. In this system, the frequency spacing of the comb can be adjusted to integer multiples of the free-spectral range (FSR) of the nested micro-resonator by properly tuning the fiber cavity length. Sub-comb lines with single FSR spacing around the primary comb lines can be generated. Such a spectral emission is known as a "Type-II comb". Our system achieves a fully coherent output. This behavior is verified by numerical simulations. This study represents an important step forward in controlling and manipulating the dynamics of an FD-FWM laser.
INTRODUCTION
Optical frequency combs (OFCs) in micro-resonators, or micro-combs [1, 2] , have attracted significant attention in recent decades. They show many desirable features-they are compact, offer ultra-high repetition rates, and are amenable to chip-scale integration. They are widely investigated for their potential transformative role in many fields, including ultrahigh-speed communication systems [3] [4] [5] , spectroscopy [6] , metrology and ultrafast optical clocks [7] , arbitrary optical waveform generation [8] , and sources for quantum entanglement [9, 10] .
Most research to date has focused on an experimental setup in which an external continuous wave (CW) laser is used to pump a micro-resonator. Since the first demonstration of optical parametric oscillation in such devices [11] , impressive progress has been made in realizing high-quality, wide spectrum optical frequency combs from micro-cavities [7, . These sources have been successfully generated in a variety of high-Q resonator technologies, ranging from bulk crystalline resonators [32] [33] [34] [35] to integrated platforms such as silicon-nitride (Si 3 N 4 ) [30] and silicon-oxynitride (Hydex) [29] , as well as silicon [36] , aluminum-nitride (AlN) [37] and aluminum gallium arsenide (AlGaAs) [38] .
Theoretically, the formation of Kerr combs has been effectively modeled with the Lugiato-Lefever mean-field equation [39] [40] [41] , which describes many of the dynamic regimes observed in micro-combs, including solitons [13, 31] , chaos [42] , and Turing patterns [24] . The latter, in particular, results from the modulation instability (MI) of the pump [24] and, in several practical cases, the nonlinear interaction generates coherent lines spaced by more than one free-spectral range (FSR) of the micro-cavity. This kind of optical spectrum, generally referred to as a Type-I comb or a primary comb [1, 8] , has been demonstrated to be very resistant to perturbations [4] , and it has been effectively used for wavelength division multiplexing (WDM) communications with bit transfer rates as high as 144 Gbit/s [3] . Multiple sub-lines spaced by a single FSR around the primary comb lines, termed a Type-II comb [1, 8] , can be generated at higher excitation powers. Such spectra are particularly appealing, especially for WDM because they effectively provide a large number of densely spaced channels. In many practical scenarios, however, these combs are incoherent [12] , i.e., the lines do not exhibit a fixed relative phase, leading to detrimental effects in applications such as communications. For this reason, effective approaches for the generation of coherent lines are highly desirable. Very recently, communications with over 179 channels have been demonstrated with solitonbased combs [5] . Coherent Type-II combs, generated by using dual pumps with a micro-resonator [43] , have also been shown to be a viable route for future WDM systems.
In this work, we demonstrate the generation of highly coherent Type-II micro-combs in a passively mode-locked laser configuration where a nonlinear high-Q micro-resonator is nested into a fiber laser cavity with a much more finely spaced FSR. Such a configuration is known as filter driven four-wave mixing (FD-FWM) [44] [45] [46] [47] [48] .
Micro-combs generated with this approach are inherently unaffected by the detuning of the external pump laser due, for instance, to detrimental thermal effects [49] . The systems based on this scheme are robust to external perturbations, can be self-starting, and are stable over long time periods without the need for an additional feedback mechanism. Stable oscillation of singly [44] and multiple spaced FSR (harmonic) generation [48] has been efficiently demonstrated with linewidths below 130 kHz [44] .
We show that Type-II combs can be effectively generated in a ∼50 GHz high-index-doped silica glass ring resonator by properly controlling the gain and length of the fiber cavity. These multiple sub-line spectra are stable and coherent over long time periods. By implementing a frequency-comb-assisted laser scanning spectroscopic method [50, 51] , we identified the spectral detuning of the generated lines with respect to the ring cavity resonances, showing high coherence of the generated lines. Our measurements, in excellent agreement with numerical simulations, show that the position of the comb lines within the micro-cavity resonance can be controlled by adjusting the fiber cavity length, providing an important fine degree of control to the position of the lines.
EXPERIMENTS
Figure 1(a) shows the experimental setup of the FD-FWM laser, which was based on a nonlinear high-Q micro-ring resonator. The ring resonator was integrated in a CMOS compatible platform.
The waveguide core is low-loss, high-index-doped (n > 1.6) silica glass, buried within a silica cladding and fiber pigtailed to a standard single-mode fiber (SMF) with a typical coupling loss of 1.5 dB/facet. The characteristic resonance linewidth is below 100 MHz and its FSR is ∼49.1 GHz at the wavelength of 1550 nm.
The micro-cavity was nested in a fiber-laser-cavity loop, which consisted of an erbium-ytterbium-doped fiber amplifier (EYDFA), a free space delay line, a tunable passband filter, a Faraday isolator, and a polarization controller. The EYDFA was designed to provide relatively large gain and saturation power with a short fiber length (∼1.1 m). The free-space delay line controlled the frequency position of the main-cavity modes with respect to the ring resonances and the tunable passband filter (6 nm 3 dB bandwidth) shaped the gain profile and controlled the central oscillating wavelength. The total length of the fiber-laser was ∼2.7 m, corresponding to a main laser cavity mode spacing of ∼74 MHz.
To accurately extract the position of the oscillating comb lines, frequency-comb-assisted spectroscopy [50, 51] was performed both with no amplification (cold micro-resonator) and during comb generation (hot micro-resonator). A scanning CW laser was split into two signals, S1 and S2. S1 was used to generate a "running" beat note with a reference frequency comb (Menlo Systems GmbH) featured by a repetition rate at 250 MHz and carrier envelope offset frequency at 20 MHz, which are fully stabilized to a GSP-disciplined frequency reference. The beat note was then detected by a photodiode (PD) and sent through one radio frequency (RF) bandpass filter (RFBF) to an oscilloscope, generating calibration markers to precisely extract the scanning laser frequencies. S2 was launched into the through port of the micro-resonator via an optical circulator, to simultaneously perform the spectroscopy of the micro-ring resonance. S2 propagated in the opposite direction to the oscillating micro-comb signal in the resonator and so it interfered with the low-energy, backscattered micro-comb signal, without affecting the system regime. In the setup, a nonlinear high-Q micro-ring resonator is nested in a fiber ring cavity, which contains an optical amplifier (EYDFA), a free-space delay line (DL), a tunable passband filter (TBF), a Faraday isolator (IS), and a polarization controller (PC). (b) Frequency-comb-assisted spectroscopy scheme, which consists of a tunable external cavity diode laser (ECDL) and a reference comb. A scanning CW laser was split into two signals, which are labeled S1 and S2, to perform frequency calibration and the spectroscopy of the micro-ring resonance, respectively. The beating of the tunable laser and the reference comb is extracted with a photodiode (PD) and radio frequency bandpass filter (RFBF). An example for such a measurement can be seen in Fig. 1(c) , showing a bell-shaped resonance profile (red) combined with the beat note between probe laser and oscillating comb line (blue). The micro-comb line location can be determined by assessing the position where the beating experienced an abrupt phase change [see Fig. 1(d) ]. It can be seen clearly from Fig. 1(c) that there exists only a single interference region within the microresonator resonance, indicating that only one main-cavity mode oscillates within the resonance. This shows that the system was unaffected by the well-known super-mode instability [52, 53] .
Coherent phase locking could be achieved in the laser system at a multiple of the fundamental repetition rate by careful adjustment of the system parameters, including the use of an appropriate pump power and an accurate positioning of the ring modes with respect to the center of the gain bandwidth, as well as proper phase detuning of the cavity modes relative to the ring resonator mode using the free-space delay line. The coarse dependence on the repetition rate on the fine adjustment of the delay line has been recently discussed in Ref. [48] . Figure 2 shows some of the typical output spectral shapes of the system, with both single [ Fig. 2 Fig. 2(f ) ], it can be clearly seen that the pulses of the primary combs (∼6 FSR) have been modulated by pulses from the sub-combs (∼1 FSR). The calculated traces, shown as green dotted lines, were calculated under the assumption that all the oscillating modes were fully coherent and transform limited, a hypothesis that carries good agreement with the measurements. Remarkably, these oscillations could be stable over long time periods without any additional feedback mechanisms.
To better understand the formation of Type-II combs, we closely studied the transition between a Type-I and Type-II comb and determined the positions of the oscillating lines by performing frequency-comb-assisted spectroscopy in a hot micro-resonator.
Here, we first generated a mode locked state at ∼6 times the fundamental repetition rate of the micro-resonator (see the red dotted line in Fig. 3) . Then, a Type-II sub-comb arose after increasing the gain of the amplifier and, consequently, the intra-cavity power, shown as solid lines (various colors). In the transition from Type-I to Type-II comb the intra-cavity power increased by 3.5%.
We then extracted the positions of the oscillating comb lines and micro-ring resonances by performing frequency-combassisted spectroscopy in a hot micro-ring resonator. The resonance profile and oscillating comb lines are shown in Figs. 4(a)-4(h) , numbered as in Fig. 3 . The black dashed line represents the center of the micro-ring resonance.
The oscillating micro-comb line, indicated with a red arrow, corresponds to the region of the beating, exhibiting interference and a phase inversion point [51] . Such lines are easily visible for the cases corresponding to higher intensity modes in Fig. 3 , presented in Figs. 4(a)-4(d) , where we detected only a single interference point within the micro-cavity resonance. It is interesting to observe that the high-energy modes [Figs. 4(a)-4(d)] , were found at the same positions both in the case of the Type-I and Type-II combs in Fig. 3 . These modes in general did not fall at the center of the micro-cavity resonance-their position could be finely tuned by adjusting the free-space delay line within the main fiber cavity.
The spectroscopy of the low-energy lines in Figs. 4(e)-4(h) illustrates a larger number of features with additional dips/peaks in the scanning resonance. However, only a single line showing interference and a phase inversion point could be identified, which is indicated with the red arrow. The additional dips, indicated with black arrows, could also be detected when the laser lines in Figs. 4(e)-4(h) were below threshold.
This suggests that only a single line was oscillating within the resonance. We attribute the presence of the additional peaks to a weak backscattering of the scanning laser seeding, non-oscillating main-cavity modes. Remarkably, such a measurement allowed us to also detect the spectral position of these non-oscillating lines. This measurement clearly demonstrates that some of the weak lines were oscillating outside the microcavity resonance, although there existed main-cavity modes falling within the micro-ring linewidth.
Better insight into the position of the micro-comb lines can be obtained by plotting the frequency positions of the lines as a function of the comb mode order, as seen in Fig. 5(a) . The data can be fit with a straight line with coefficient 48.952 GHz per mode, which represents the average mode spacing of the sub-combs set and corresponds to approximately 660 times the FSR (∼74 MHz) of the main cavity. The residual plot in Fig. 5(b) shows that different sets of sub-combs shared almost the same mode spacing, but with a mutual offset with respect to each other. Unlike the generation of Type-II combs from micro-resonators via CW laser pumping, the comb lines here were forced by the main-cavity resonances, and, thus, the offset between neighboring sets of sub-combs was equal to an integer multiple n of the main-cavity FSR.
Here, the offset between the neighboring sets of the subcombs was 4 times the FSR (∼293 MHz) of the main cavity, which was much larger than the micro-resonator linewidth.
In this case, the system did not allow multiple RF beat notes due to the relatively large offset and narrow resonator linewidth, permitting long-term stability.
NUMERICAL SIMULATION OF TYPE-II MICRO-COMB GENERATION
The system model is based on the standard coupled equations representing the field evolution At; τ and Bt; τ within the micro-ring and fiber cavity, respectively, for the slow and fast cavities times t and τ [44] :
Here, L f ;r and T f ;r are the length and the period, respectively, of the amplifying cavity and micro-cavity; g, Ω g , β r , and β f are the gain, gain bandwidth, and the second-order dispersion of the ring and of the fiber, respectively. Also, γ is the Kerr nonlinear coefficient in the ring. The saturable gain is expressed as
where g 0 and P sat denote the fiber low-signal gain and gain saturation energy. The equations are solved in time t with a pseudo-spectral method. At the ports of the resonator, the fields are coupled via the relations:
Bt; 0 κA t; T r 2 e −iϕ r ;
where T r is the ring round trip, κ is the transmission coefficient [54] and is related to the linewidth and FSR of the ring, ΔF r and FSR r , by the standard relation κ π ΔF r ∕FSR r . The variables ϕ r and ϕ f are the phase shifts acquired by the field in half-trip of the ring and a full trip of the fiber, respectively. Equations (4)- (6) are used as boundary conditions for the transverse variable τ. Here, ϕ f regulates the position of the main cavity modes with respect to the central ring mode, while ϕ r dictates the position of the ring modes with respect to the center bandwidth of the gain. Numerical modeling was performed for a nonlinear micro-ring with FSR 50 GHz and linewidth of 120 MHz, within the experimental range, resulting in a coupling constant κ 0.0078. To run the simulations in a reasonable time, we chose an FSR of the fiber cavity approximately 5 times the experimental value (390 MHz). We used dispersion values within our experimental range, −20 and −60 ps 2 ·km −1 , for the ring and fiber, respectively. Low-power optical noise was used to seed the warmup process of the system. To match our observed small detuning value in experiment [see Fig. 3(b) ], we used the parameter ϕ f 0, while, for simplicity, we fixed the first oscillating ring mode at the center of the gain bandwidth, resulting in ϕ r 0. As with the experiments, the repetition rate control was realized by changing the fiber laser cavity round trip. In this framework, it is convenient to express the period of the fiber cavity with the following relation:
where N is an integer, which was fixed in the simulations to 128, and jδj < 1∕2. The parameter δ, hence, represents the shortening of the fiber round trip in units of ring period, indicating an effective cavity-period detuning. In the simulations, we focus on describing our experimental observation and studying the effect on the solution of the parameter δ, together with the intra-cavity power. Figures 6(a)-6(c) report examples of the obtained spectra for a range of cavity-period detunings (δ 0; 0.25, 0.125), resulting in repetition rates of 50, 200, and 400 GHz, respectively [48] . The saturation powers used in Figs. 6(a) and 6(b) were 100 and 2.5 times less than that used in Fig. 6(c) .
Figures 6(d)-6(f ) report the AC traces corresponding to Figs. 6(a)-6(c). In these cases, low amplifier saturation energy was chosen so that only primary comb lines appeared in the spectra, and super-modes could be suppressed.
With higher amplifier saturation energy, sub-comb lines were formed with a spacing of 1 FSR of the micro-ring. One typical case, for δ 0.125, is shown in Figs. 7(a)-7(h) . The simulation results, including output spectrum and intensity as well as AC, are plotted for the system as a function of increasing saturation energy. Here, Fig. 7(a) corresponds to the case of Fig. 6(c) .
Saturation energies in Figs. 7(b)-7(d) are 2, 2.5, and 3.5 times the corresponding value in Fig. 7(a) , respectively. Initially, primary comb lines in the spectrum were gradually formed with increasing amplifier saturation energy, where the central wavelengths transferred their energy to side wavelengths through the FWM effect. With a higher amplifier saturation energy, sub-comb lines develop and fill in between the primary comb lines spaced by 1 micro-ring FSR. For this kind of generation, the AC traces do not always show high contrast although coherent pulses are generated.
CONCLUSION
We demonstrate the generation of Type-II micro-combs in a filter-driven four wave mixing laser. The system produces a robust comb that can be formed, starting from a primary comb, by adjusting the gain of the laser amplifier. This was confirmed by numerical simulations. Our experimental study shows that the spacing between the comb lines can be controlled by adjusting the fiber cavity length. Our study constitutes a significant contribution to understanding the dynamics of the FD-FWM laser, and a step toward the generation of stable and controllable optical combs from an integrated chip-based resonator. 
